D u r l n g 1961, a d e c p well w a s d r i l l e d a t the Rocky Mountain A r s e n a l n o r t h e a s t of D e n v e r , C o l o r a d o , to d i s p o s e of contaminated w a s t e water. T h e well i s bottomed i n 7 5 f e e t of highly f r a c t u r e d P r e c a m b r i a n g n e i s s . P r e s s u r e injectton of w a s t e w a t e r into the f r a c t u r e d P r ec a m b r i a n r o c k w a s begun in M a r c h 1962. Slnce t h e s t a r t of fluid injection, 710 D e n v e r -a r e a e a r t hquakes have b e e n r e c o r d e d . The m a j o r i t y of t h e s e earthquakes had e p i c e n t e r s within a f i v e -m i l e r a d i u s of the A r s e n a l well. The volume of fluid a n d p r e s s u r e of fluid injection a p p e a r to be d i r e c t l y r e l a t e d to t h e f r e q u e n c y of e a r t h q u a k e s . Evldence a l s o s u g g e s t s t h a t r o c k m o v e m e n t is d u e t o the i n c r e a s e of fluid p r e s s u r e within the f r a c t u r e d r e s e r v o i r and that open f r a c t u r e s m a y e x i s t a t depths g r e a t e r than p r e v i o u s l y c o n s i d e r e d p o s s i b l e .
INTRODUCTION P r o d u c t s f o r c h e m i c a l w a r f a r e have been m a n u f a c t u r e d on a l a r g e s c a l e under the d i r e ction of the C h e m i c a l C o r p s of the U. S.
A r m y a t the Rocky Mountain A r s e n a l s i n c e 1942. A by-product of t h i s o p e r a t i o n is contaminated w a s t e w a t e r a n d , until 1961, t h i s w a s t c w a t e r w a s disposed of by evaporation f r o m d i r t r e s e r v o i r s (Scopel, 1964) .
When i t w a s determined that A r s e n a l w a s t e w a t e r w a s contamlnatlng the l o c a l groundw a t e r supply and endangering c r o p s ( G a h r , 1961; W a l k e r , 1961), the C h e m i c a l C o r p s t r i e d e v a p o r a t l o n of t h e contaminated w a s t e f r o m w a t e r -t i g h t r e s e r v o i r s . T h i s proved u n s u c c e s sf u l . T h e C h e m i c a l C o r p s and the C o r p s of E n g i n e e r s then decided to d r i l l a n injection d i sposal well. f o r t h e p u r p o s e of d i s p o s i n g of the contaminated w a s t e w a t e r (Scopel, 1964) .
T h e U. S. A r m y C o r p s of E n g i n e c r s , O m a h a D i s t r i c t , c o m m i s s~o n e d t h e f i r m of E. A. P o l u m b u s , J r . , a n d A s s o c i a t~s , I n c . , t o d e s i g n the well, s u p e r v i s e the d r i l l i n g a n d completion, provide the n e c e s s a r y e n g i n e e r i n g geological s e r v i c e s , and m a n a g e the p r o j e c t . L o u l s J. Scopel, a s a n a s s o c i a t e , w a s t h e P r o j e c t Geologist and w a s r e s p o n s i b l e f o r a l l g e o l o g~c a l a s p e c t s of the operation. Another geological a s s o c i a t e w a s George R . Downs, 
r o s s -s e c t i o n showing t h e s u b s u r f a c e geology f r o m t h e A r s e n a l w e l l t o t h e o u t c r o p of P r e c a m b r i a n granite g n e i s s w e s t of D e n v e r ( a f t e r M. F. and C. M. B o o s , and H. H. O d i o r n e ) .
T h e line of c r o s s -s e c t i o n i s shown i n f i g u r e 1 .
who contributed m a t e r i a l l y t o the i n t i a l design P r e c a m b r i a n g r a n i t e g n e i s s w e s t of D e n v e r . of t h e p r o~e c t and a c t e d in a n a d v i s o r y capacity T h e g r a n i t e g n e i s s is identified a s the throughout t h e the o p e r a t i o n .
Mount M o r r i s o n F o r m a t i o n by C. M. and
The w e l l was l o c a t e d and d r i l l e d i n t h e M. F. Boos (1957) , who d e s c r i b e t y p i c a l N W / 4 N E / 4 s e c . 26, T . 2 S.. R . 67 W . /39O-lMount M o r r i s o n g r a n i t e a s m e d i u m to f i n e 5 1 . 5 ' N . , 104'-51' W . ) , r a d o . I t w a s spudded 10 pleted a t a t o t a l depth of b e r 1961.
REGIONAL GEOLOGY T h e Rocky Mountain
A d a m s County, Colog r a i n e d , pink to tan, and d e l i c a t e l y g n e i s s i c .
M a r c h 1961 and c o m -P a r t s of the g r a n i t i c g n e i s s a r e p e r m e a t e d 12, 045 f e e t 11 s e p t e mwith ill-defined p e g m a t i t e . Approximately 13, 000-feet of s t r u c t u r a l r e l i e f e x i s t s between t h e top of the P r e c a mb r i a n i n the A r s e n a l well and t h e P r e c a m b r i a n o u t c r o p w e s t of Denver. A r s e n a l D i s p o s a l well i s l o c a t e d on the gently dipping e a s t flank of the D e n v e r -J u l e s b u r g B a s i n , just a few m l l e s w e s t of the a x i s of t h e b a s i n . A s indicated in f i g u r e 1, the A r s e n a l w e l l is l o c a t e d i n a r e g i o n of the s u b c r o p of C a m b r o -O r d o v i c i a n r o c k s , n e a r the a r e a where t h e s e r o c k s a r e t r u n c a t e d by Pennsylvanian s e d i m e n t s .
F i g u r e 1 i s a s t r u c t u r a l m a p of a portion of t h e D e n v e r -J u l e s b u r g B a s i n i n t h e vicinity of t h e Rocky Mountain A r s e n a l well a f t e r A n d e r m a n a n d Ackman (1963) . F i g u r e 2 i s a c r o s s s e c t i o n a f t e r M. F. and C. M. Boos and H. H. O d i o r n e whlch s h o w s t h e s u b s u r f a c e geology f r o m the A r s e n a l w e l l t o the o u t c r o p of
A d i a g r a m and log of t h e w e l l a r e shown i n f i g u r e 3 (Scopel, 1964) . F i g u r e 4 is a l o g of t h e p r e -P e n n s y l v a n i a n portion of t h e w e l l by Scope1 (1964) . Scope1 (1964) d e s c r i b e d t h e P r e c a m b r i a n s e c t i o n c u t by t h e well a s follows:
P r e c a m b r i a n The a b o v e -d e s c r i b e d s e d i m e n t s [ordovician o r ~a m b r i a n ] o v e r l i e 20 f e e t of b r i g h t g r e e n w e a t h e r e d s c h i s t which con- Log of p r e -P e n n s y l v a n i a n portion of d i s p o s a l well (Scopel, 1964) . t a m s brown to c o p p e r -c o l o r e d m i c a and kaolinite. The p r e -P e n n s y l v a n i a n s e d im e n t s a n d the P r e c a m b r i a n w e r e not c o r e d .
T h e P r e c a m b r i a n s c h i s t i s i m m e d i a t e l y a b o v e highly f r a c t u r e d hornblende g r a n i t e g n e i s s which c o n t a i n s p e g m a t i t e i n t r u s i o n s . T h e t o p eight-foot s e c t i o n of the g n e i s s w a s c o r e d . Hedge a n d Walthall (1963 have old.
b dated t h e gneiss t o b e 1, 350 x 10 y e a r s A p o r t i o n of the c o r e mentioned above w a s examined b y the p r e s e n t a u t h o r . T h e f r a c t u r e s o b s e r v e d w e r e a l m o s t v e r t i c a l and f r o m o n ehalf -i n c h t o two i n c h e s a p a r t . When taken f r o m the c o r e b a r r e l , the c o r e w a s found to b e s p l i t a p a r t along one f r a c t u r e plane, and t h e l a c k of cementing m a t e r i a l s u g g e s t e d that t h i s m i g h t have been a n open f r a c t u r e . T h e o t h e r f r a c t u r e s o b s e r v e d w e r e p a r t i a l l y to c o m p l e t e l y c e m e n t e d with q u a r t z .
TESTING O F T H E W E L L
A d r i l l s t e m t e s t w a s taken of the b a s a l F o u n t a i n F o r m a t i o n , the p r e -P e n n s y l v a n i a n r o c k s and P r e c a m b r i a n r o c k s f r o m t h e bottom of the 8 -5 1 8 -i n c h c a s i n g a t 11, 171 f e e t to t h e total depth of 11, 985 f e e t R e c o v e r y w a s 5 , 4 0 0 f e e t of s a l t w a t e r , i n addition to 2 , 0 0 0 f e e t of w a t e r cushion, i n 156 m i n u t e s . Ninetyt h r e e -m i n u t e f i n a l s h u t -i n p r e s s u r e w a s 4, 128 pounds, m e a s u r e d a t 11, 002 f e e t . Density of t h e w a t e r w a s 1 . 0 5 g m . / c c .
T h e well w a s d r i l l e d a h e a d to 1 2 , 0 4 5 f e e t w h e r e i t w a s c o m p l e t e d i n P r e c a m b r i a n g n e i s s C o n s i d e r a b l e l o s t c i r c u l a t i o n w a s e x p e r i e n c e d while c o r i n g , t e s t i n g , and d r i l l i n g the P r e c a mb r i a n g n e i s s f r o m 11, 970 t o 12, 045 f e e t .
A 5-112-inch l i n e r w a s c e m e n t e d f i v e f e e t into t h e P r e c a m b r i a n g n e i s s f r o m the bottom 6 4 f e e t of t h e 8-518-inch c a s i n g . F i v e -a n done-half-inch tubing w a s r u n t o 9, 01 1 f e e t to c o m p l e t e t h e w e l l .
During N o v e m b e r and D e c e m b e r 1961 a conventional oil field pump w a s r u n i n t h e well, and pumping t e s t s w e r e conducted. A f t e r pumping 1, 100 b a r r e l s of w a t e r , a quantity i n e x c e s s of t h e a m o u n t of fluid that had b e e n l o s t i n t o t h e f o r m a t i o n d u r i n g d r i l l i n g o p e r a t i o n s , the w e l l pumped down and fluid r e c o v e r y b ec a m e negligible. It w a s concluded, a t t h e t i m e of testing, t h a t fluid r e c o v e r y w a s f r o m f r a ct u r e s . It w a s f u r t h e r believed that a s fluld w a s withdrawn f r o m t h e s e f r a c t u r e s , they w e r e s q u e e z e d s h u t by c o m p r e s s i v e f o r c e s which r e s t r i c t e d fluid e n t r y i n t o the w e l l b o r e .
F'i-essure injection t e s t s w e r e conducted on t h e well d u r i n g J a n u a r y 1962 t o d e t e r m i n e the r a t e s and injection p r e s s u r e s a t which t h e P r ec a m b r i a n would t a k e t h e fluld. A s a r e s u l
t of t h e s e t e s t s , i t w a s noticed that c a l c u l a t i o n s of t h e d r a i n a g e r a d i u s and f o r m a t i o n c a p a c i t y inc r e a s e d a s fluid w a s i n j e c t e d ( s e e Calhoun, 1953, f o r m o r e on r e s e r v o i r c a l c u l a t i o n s ) .
A s a r e s u l t of the t e s t i n g p r o g r a m , i t w a s concluded t h a t the f o r m a t i o n would t a k e f r e s h w a t e r a t 400 gallons p e r m i n u t e under 650 pounds p r e s s u r e , and t h a t t h e r e s e r v o i r c o ns i s t e d of f r a c t u r e s which expanded a s additional v o l u m e s of fluid w e r e i n j e c t e d .
T H E PRESSURE INJECTION PROGRAM

Contaminated w a s t e f r o m t h e A r s e n a l
The Mountain Geologist v. plants is f i r s t collected a n d allowed t o s e t t l e in a two-hundred-million-gallon w a s t e -s e t t l i n g b a s i n t h a t i s s e a l e d with a n a s p h a l t i c m e mb r a n e t o p r e v e n t seepage. It is then flocculated and c l a r i f i N o r m a l l y , two o r t h r e e pumps a r e u s e d .
T h e f i r s t contaminated w a s t e w a s injected i n t o t h e well during M a r c h 1962, when 4 . 2 m i l l i o n gallons of waste w e r e injected into t h e well. T h e monthly volume of w a s t e injected i n t o the well is shown i n the l o w e r half of f i g u r e 5 . During the fir s t y e a r of o p e r a t i o n , c o n s i d e r a b l e trouble w a s experienced with the f i l t e r plant with the r e s u l t that the injection well w a s often shut down f o r a few d a y s o r w e e k s a t a t i m e . Beginning i n April 1965 l a r g e r quantities of fluid w e r e injected. T h e f i l t e r plant o p e r a t e d efficiently, and fluid w a s usually injected 16 to 24 h o u r s daily. During A p r l l a n d May a m a x im u m pump p r e s s u r e of 800 pounds w a s r e q u i r e d . 
t o inject 300 gallons p e r m i n u t e i n t o t h e well T H E DENVER EARTHQUAKES
T h e U. S. Coast and Geodetic Survey r ep o r t s that on 7 November 1882 a n e a r t h q u a k e w a s f e l t i n t h e Denver, Louisville, G e o r g etown, a n d S. E. Wyomlng a r e a (Wang, 1965) . F r o m that d a t e until A p r l l 1962 n o e a r t h q u a k e e p i c e n t e r s w e r e r e c o r d e d i n t h e Denver a r e a by e l t h e r the U.
S. C o a s t and Geodetic Survey o r by the R e g i s College S e i s m o l o g i c a l O b s e r v at o r y , l o c a t e d ten m i l e s s o u t h e a s t of the Rocky
T h e m a j o r i t y of t h e e a r t h q u a k e e p i c e n t e r s a r e within a f i v e -m i l e r a d i u s of t h e w e l l . All e p i c e n t e r s c a l c u l a t e d f r o m f o u r o r m o r e r ecording s t a t i o n s a r e withln s e v e n m i l e s of the w e l l .
Wang (1965) c a l c u l a t e d the best-fitting plane p a s s i n g t h r o u g h t h e zone of h y p o c e n t e r s c a l c u l a t e d f r o m f o u r o r m o r e r e c o r d i n g s t a t i o n s . He concluded t h a t t h l s plane m i g h t b e a f a u l t a l o n g which m o v e m e n t w a s taking p l a c e . T h e plane d i p s to t h e e a s t , and p a s s e s b e n e a t h the a r s e n a l well a t a d e p t h of about six a n d onehalf m i l e s ( fig. 6 ) .
ROCK MOVEMENT AND EARTHQUAKES
An a t t e m p t h a s been m a d e t o develop a method of e s t i m a t i n g , d i r e c t l y f r o m s e i s m og r a m s , wave e n e r g y r a d i a t e d d u r i n g a n e a r t hquake. Using t h e f o r m u l a f a v o r e d by T o c h e r (1964) a n d R i c h t e r (1958), t h e e l a s t i c wave e n e r g y of a m a g n i t u d e 3 e a r t h q u a k e could b e provided by d r o p p i n g a 100 foot cube of r o c k a d i s t a n c e of a few f e e t .
Admittedly, t h e f o r m u l a a p p l i e s t o d i s t a n t e a r t h q u a k e s a n d is not routinely a p p l i c a b l e t o l a r g e n u m b e r of e a r t h q u a k e s , but i t d o e s s u g g e s t t h a t t h e Denver e a r t h q u a k e s m a y b e c a u s e d by r e l a t i v e l y m m o r r o c k m o v e m e n t s .
The Mountain Geologist v.3, 1966
T a b l e 1 . COLORADO EARTHQUAKES, MAGNITUDE 3 AND L A R G E R ( F r o m U. S. C o a s t a n d G e o d e t i c S u r v e y R e p o r t s )
No.
G r e e n w i c h M e a n T i m e * T h e f i r s t two e a r t h q u a k e s w~t h e p i c e n t e r s in the A r s e n a l a r e a w e r e r e c o r d e d d u r i n g April 1962.
P R O J E C T I O N O N S E C T I O N A -A
I I S E D I M E N T A R Y " R O C K I I.A \ . y. A P R E C A M B R I A N M E T A M O R P H I
T h e l o w e r half of f i g u r e 5 i s a g r a p h of the monthly volume of w a s t e injected into the A r s e n a l w e l l . T h e t o t a l n u m b e r of e a r t h q u a k e s r e c o r d e d i n the A r s e n a l a r e a i s plotted each m o n t h i n the upper half of the graph. D u r i n g t h e i n i t i a l Injection perlod f r o m M a r c h 1962 t o t h e end of S e p t e m b e r 1963, the i n j e c t i o n p r o g r a m w a s often s h u t down f o r r ep a i r s t o the f i l t e r plant. During t h s period t h e r e d o e s not a p p e a r to be a d i r e c t m o n t h by m o n t h c o r r e l a t i o n . However, the high injection m o n t h s of A p r i l , May and J u n e 1962 s e e m to c o r r e l a t e with t h e high e a r t h q u a k e frequency m o n t h s of June, July and August. T h e high i n j e c t i o n m o n t h s of F e b r u a r y and M a r c h 1963 m a y c o r r e l a t e with the high e a r t h q u a k e month of A p r i l .
T
h e period of n o injection f r o m September 1963 t o S e p t e m b e r 1964 coincides with a period of m i n i m u m e a r t h q u a k e f r e q u e n c y . T h e period of low volume injection by g r a v i t y flow, from S e p t e m b e r 1964 t o A p r i l 1965. i s c h a r a c t e r i z e d by two m o n t h s ( O c t o b e r
and F e b r u a r y ) of g r e a t e r e a r t h q u a k e f r e q u e n c y than experienced d u r i n g the p r e c e e d i n g y e a r .
T h e m o s t d i r e c t c o r r e l a t i o n of fluid injection with e a r t h q u a k e f r e q u e n c y i s d u r i n g the m o n t h s of J u n e t h r o u g h September 1965. This p e r i o d w a s c h a r a c t e r i z e d by the pumping of 300 gallons p e r m i n u t e , 16 t o 24 h o u r s a day, a t p r e s s u r e s , of f r o m 800 to 1 , 0 5 0 pounds.
A r e v i e w of the injection p r o g r a m r e v e a l s that t h e r e have been f i v e characteristic periods of injection into the well ( fig. 7) jection a t high p r e s s u r e . T h e a v e r a g e n u m b e r s of e a r t h q u a k e s per m o n t h a r e plotted in f i g u r e 7 above t h e a v e r a g e v o l u m e s of fluid injected p e r m o n t h f o r each of t h e s e f i v e p e r i o d s . T h e injection f o r March 1962 is not used i n t h e a v e r a g e b e c a u s e the e x a c t day when injection w a s s t a r t e d is n o t known.
F i g u r e 7 i n d i c a t e s that t h e r e i s a d i r e c t c o r r e l a t i o n between a v e r a g e monthly injectlon and e a r t h q u a k e f r e q u e n c y when a n injection p r o g r a m i s c a r r i e d out f o r a period of f i v e m o n t h s .
B a r d w e l l (1966) h a s p r e p a r e d a s t a t i s t i c a l a n a l y s i s , p r e s e n t e d e l s e w h e r e in t h i s i s s u e of T h e Mountain Geologist, that s u g g e s t s that a m a t h e m a t i c a l r e l a t i o n s h i p e x i s t s between the Denver e a r t h q u a k e s and t h e volume of c o n t a m inated w a s t e injected into the A r s e n a l well.
E F F E C T O F EARTHQUAKES ON INJECTION PRESSURE
T h e w e l l h e a d -p r e s s u r e injection c h a r t s w e r e not a v a i l a b l e f o r the y e a r s 1962 and 1963.
Only the e a r t h q u a k e s of magnitude 3 o r l a r g e r w e r e checked a g a i n s t t h e p r e s s u r e injectlon c h a r t s f o r 1965. T h e s e e a r t h q u a k e s a r e l i s t e d i n t a b l e 1.
No c h a r t s w e r e being r e c o r d e d a t the t i m e of the F e b r u a r y and July 1965 e a r t h q u a k e s . T h r e e pumps w e r e m a i n t a i n i n g a p r e s s u r e of 725 pounds when the S e p t e m b e r 14 e a r t h q u a k e o c c u r r e d . T h e r e w a s no change i n injection a t t h e t i m e of t h e event.
Allowing f o r a few m i n u t e s t i m e d i s c r e pa n c y between the c h a r t t i m e and r e c o r d e d tlme of the e a r t h q u a k e s , the two e a r t h q u a k e s of 29 S e p t e m b e r m a y have affected t h e injection p r e s s u r e . D u r i n g the f i r s t e a r t h q u a k e , a t 12:59 P . M . MDST, t h e p r e s s u r e r e c o r d i n g needle on t h e p r e s s u r e c h a r t jumped f r o m 970 pounds to 940 pounds and a l s o r e p e a t e d a ten m i n u t e t i m e i n t e r v a l on the c h a r t . During the s e c o n d e a r t h q u a k e , a t 1:20 P. M. MDST, the p r e s s u r e dropped f r o m 960 pounds to 780 pounds. Whether t h i s 180-pound p r e s s u r e d r o p w a s due t o the e a r t h q u a k e o r to the slowing up of one of the pumps is not known.
F L U I D PRESSURE AND T H E ARSENAL EARTHQUAKES
T h e evidence f r o m d r i l l i n g a n d t e s t i n g t h e A r s e n a l d i s p o s a l well i n d i c a t e s that t h e P r e c a m b r i a n r e s e r v o i r is c o m p o s e d of a highly f r a c t u r e d g r a n i t e g n e i s s which i s subs t a n t i a l l y i m p e r m e a b l e . T h e f r a c t u r e s a r e a l m o s t v e r t i c a l , and poroslty of t h e r e s e r v o i r is f o r m e d by t h e s e f r a c t u r e s . T h e e v i d e n c e
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Earthquake frequency -waste injection relationships during five c h a r a c t e r i s t i c periods.
indicates that a s fluid was pumped out of the r e s e r v o i r the fractures closed, and a s fluid was injected into the r e s e r v o i r the f r a c t u r e s opened. In other words, the pumping and injection t e s t s indicated that rock movement occurred a s fluid was withdrawn o r injected a t relatively low pressures.
The pressure-depth relations of the P r ecambrian r e s e r v o i r , showing hydrostatic and lithostatic p r e s s u r e variations with depth, a r e shown in figure 8. These data were d e t e rmined from the drill stem test. As shown on the chart, the observed p r e s s u r e of the P r ecambrian r e s e r v o i r is a l m o s t 900 pounds l e s s than hydrostatic pressure.
Hubbert and Rubey (1959) devised a simple and adequate m e a n s of reducing by the requlred amount the frictional reststance to the sliding of l a r g e overthrust blocks down very gentle slopes. This a r i s e s from the circumstance that the weight of such a block i s jointly supported by solid s t r e s s and the p r e s s u r e of i n t e rstitial fluids. As the fluid p r e s s u r e approaches the lithostatic p r e s s u r e , corresponding to a flotation of the overburden, the s h e e r s t r e s s required to move the block approaches zero.
If high fluid p r e s s u r e s reduce frictional r e s i s t a n c e and permit rocks to slide down very gentle slopes, i t follows that, a s fluid p r e s s u r e i s decreased, frictional r e s i s t a n c e between blocks of rock i s increased, thus permitting them to come to r e s t on increasingly steep slopes. The steeper the slope upon whlch a block of rock i s a t r e s t , the lower the required r a i s e in fluid p r e s s u r e n e c e s s a r y to produce movement.
In the c a s e of the P r e c a m b r i a n r e s e r v o i r beneath the A r s e n a l well, these rocks w e r e a t O P E N F R A C T U R E S F i g u r e 8 . P r e s s u r e -d e p t h relations, P r ec a m b r i a n r e s e r v o i r , Rocky Mountain A r s e n a l D i s p o s a l well. equilibrium on hlgh-angle f r a c t u r e planes with a fluld p r e s s u r e of 900 pounds l e s s than hydrostatic p r e s s u r e b e f o r e injection began.
A s fluld w a s Injected into t h e P r e c a m b r l a n reservoir, the fluld p r e s s u r e a d j a c e n t t o the w e l l b o r e r o s e , and t h e frictional r e s i s t a n c e a l o n g t h e f r a c t u r e planes w a s t h e r e b y reduced. When, flnally, enough fluld p r e s s u r c w a s e x e r t c d o v e r a l a r g e enough a r e a m o v e m e n t took p l a c e . The e l a s t l c wave e n e r g y r e l e a s e d w a s r e c o r d e d a s a n e a r t h q u a k e .
S m c e the f o r m a t i o n fluid p r e s s u r e 1s 900 pounds sub-hydrostatic, m e r e l y fllllng the holc with contamlnated w a s t c ( m o s t l y s a l t w a t e r ) r a i s e s the f o r m a l l o n p r e s s u r e 900 pounds, or to t h e equivalent of h y d r o s t a t i c p r e s s u r e . Any applied m j e c t i o n p r e s s u r e a b o v c that of gravity flow b r i n g s about a n I n c r e a s e In p r e s s u r e r cs u l t i n g In a total i n e x c e s s of h y d r o s t a t i c pressure. F o r e x a m p l e , a n mjectlon p r e s s u r c of 1 , 0 0 0 pounds would r a i s e t h e r e s e r v o i r p r e s s u r e a d j a c e n t to the well b o r e 1 , 9 0 0 pounds, o r by the a m o u n t n e c e s s a r y to b r i n g the p r e s s u r e to h y d r o s t a t i c (by filling t h e hole) plus 1 , 0 0 0 pounds.
A p p a r e n t l y a r l s e in fluld p r e s s u r e wlthin t h e P r e c a m b r l a n r e s e r v o i r of f r o m 900 t o 1, 900 pounds is sufficient t o allow m o v e m e n t t o t a k e place.
The h y p o c e n t e r s i n t h e A r s e n a l a r e a plotted f r o m data d e r i v e d f r o m f o u r o r m o r e recording s t a t i o n s indicate t h a t m o v e m e n t is taking place beneath the A r s e n a l well a t depths of f r o m 1-112 to 12 m i l e s . If the P r e c a m b r i a n f r a c t u r e s y s t e m extends to a depth of 12 m i l e s , then fluld p r e s s u r e could b e t r a n s m i t t e d to thls depth by m o d e r a t e s u r f a c e m j e c t l o n p r e s s u r e a s long a s the f r a c t u r e s y s t e m w a s open f o r the t r a n s m i s s i o n of t h i s p r e s s u r e .
Secor ( 1965) concluded that open f r a c t u r e s c a n o c c u r to g r e a t depths even wlth only m o de r a t e l y high fluid p r e s s u r e -o v e r b u r d e n welght r a t i o s . I t a p p e a r s possible that hlgh-angle, open f r a c t u r e s m a y be p r e s e n t beneath the A r s e n a l well a t g r e a t depths with m u c h l o w e r fluid p r e s s u r e -o v e r b u r d e n welght r a t l o s than h a s f o r m e r l y been considered possible.
A l m o s t I50 m i l l l o n gallons of c o n t a m m a t e d w a s t e had been m j e c t e d into the A r s e n a l w e l l b y t h e end of S e p t e m b e r 1965. Since t h i s .-a m o u n t of w a t e r would be enough to f i l l f o u r continuous I / 16-lnch f r a c t u r e s e a c h s e v e n m l l e s long (the m a x i m u m d l s t a n c e of epicenters f r o m the w e l l located by f o u r o r m o r e r e c o r dm g s t a t i o n s ) and f i v e m l l e s deep, ~t c a n be s e e m that a r e l a t i v e l y s m a l l a r e a i s b e m g affected by the Injection p r o g r a m .
T I M E L A G BETWEEN F L U I D INJECTION AND EARTHQUAKES
T h e c o r r e l a t i o n of fluld injected wlth e a r t hquakc f r e q u e n c y ( fig. 5 ) s u g g e s t s that a t i m c l a g e x i s t s betwcen the two. B a r d w e l l (1966) n o t c s that the frequcncy of Denver e a r t h q u a k e s a p p e a r s t o l a g injected w a s t e by a p p r o x i m a t e l y onc to f o u r m o n t h s . T h i s phcnomenon i s proba b l y the s a m c a s that described by S e r a f i m and d e l C a m p o (1965). They d e s c r i b c t h e o b s e r v e d t l m c l a g betwccn w a t c r l c v c l s i n r e s e r v o i r s a n d the p r c s s u r e s m e a s u r e d in thc foundations of d a m s , and a s c r i b c t h i s to a n unsteady s t a t e of percolation through open joints in the r o c k m a s s due t o t h e opening and c l o s l n g of t h e s e p a s s a g c s resulting f r o m i n t e r n a l and e x t e r n a l l y applied p r e s s u r e s .
T h e t i m e l a g bctwecn w a s t c injected i n t he. A r s e n a l well and e a r t h q u a k e f r e q u e n c y i s probably due to a n unsteady s t a t e of percolation through f r a c t u r e s i n the P r e c a m b r i a n r e s e r v o i r
